ABstRACt. Bowhead whales (Balaena mysticetus) in the Bering, Chukchi, and Beaufort seas experienced a severe reduction as a result of commercial whaling in the 19th century. since the cessation of commercial whaling, the population has recovered to a size that is approaching pre-whaling estimates. inupiat and yupik communities in northern and western Alaska hunt these Western Arctic (WA) bowheads along their migratory path during spring and fall. this hunting is regulated by the international Whaling Commission. Recent but preliminary analysis of available genetic data (207 whales and 10 microsatellite markers) raised the question of the presence of multiple, genetically distinct populations within the WA bowheads. Here we re-examined this question on the basis of a study of 414 whales and 22 newly developed microsatellite loci. We identified widespread departures from Hardy-Weinberg equilibrium; however, we were unable to detect significant evidence of multiple genetic populations within the WA bowheads that could explain this Hardy-Weinberg disequilibrium, particularly when compared to the strength of evidence for differentiation between WA bowheads and other populations from distant regions such as the Okhotsk sea and eastern Canada. there was conclusive evidence of genetic differentiation among the three regions. the statistical rejection of panmixia within the WA improves our understanding of bowhead whale biology, and the lack of evidence for multiple populations within the WA enables risk-averse management of aboriginal hunting of Western Arctic bowhead whales.
intRODuCtiOn the bowhead whale (Balaena mysticetus) is a large baleen whale that inhabits the Arctic Ocean and surrounding areas. Recent studies have led to the recognition of four geographically separated populations of bowhead whales in (i) the Western Arctic, (ii) the Okhotsk sea, (iii) the eastern Canadian Arctic, and (iv) areas around svalbard (spitsbergen) Island in the North Atlantic (Rugh et al., 2003; HeideJørgensen et al., 2006) . Whereas earlier concepts of bowhead population structure were based primarily on indirect evidence, such as migration patterns and geographic distribution, our current understanding is based not only on such indirect evidence, but also on empirical evidence from satellite tracking, stable isotope analysis, and population genetic analyses (Moore and Reeves, 1993; Rugh et al., 2003; LeDuc et al., 2005; Heide-Jørgensen et al., 2006; Borge et al., 2007) .
All four bowhead populations were subjected to extensive commercial hunting, which began in the 16th to the 19th century, depending on the population (Burns et al., 1993) . During this period bowhead populations were severely reduced or nearly extirpated. the historical period of commercial whaling of Western Arctic (WA) bowheads was distinguished by a very strong spatiotemporal pattern of exploitation, some age-selective hunting, and a severe reduction of the population, perhaps to 1000 or fewer animals (Bockstoce and Botkin, 1983; Bockstoce and Burns, 1993) . the cessation of the commercial hunt was caused in part by the decline of population sizes to levels that made whaling economically unviable (Bockstoce and Botkin, 1983; Burns et al., 1993) . Today, the only remaining sizable populations of bowheads inhabit the Western Arctic region (George et al., 2004b) and the eastern Canadian Arctic (Heide-Jørgensen et al., 2007) .
the WA population winters in the Bering sea near the marginal sea ice edge. in spring, the bowheads migrate north and east to their primary summer feeding grounds in the Canadian Beaufort sea. Mating occurs during the early portion of the spring migration. in the fall, the whales follow a westerly migration along the Beaufort coast towards the Chukotka Peninsula, where they turn south towards the Bering strait and subsequently return to their wintering grounds in the Bering sea. Figure 1 shows the range of these whales and the villages near which hunting (and genetic sampling) occurs. A more thorough description of the migration is given by Rugh et al. (2003) and Moore and Reeves (1993) . WA bowheads have been hunted by aboriginal communities on the north slope of Alaska, along the Chukotka Peninsula, and in the Bering sea for more than 2000 years (stoker and krupnik, 1993) . the WA population has recovered sufficiently from commercial whaling to support hunting, and it remains the only population that is currently harvested annually. (However, Canada and Greenland may soon establish an allowance for hunting of eastern Canadian bowheads.) A quota for the WA harvest is set in accordance with international Whaling Commission (iWC) decisions. in order to provide proper management advice, the iWC considers multiple sources of data, simulationtested modeling, and other evidence to estimate sustainable quotas (iWC, 2003) . Evaluation of population structure hypotheses and estimates of genetic diversity within and among populations is critical for the iWC to establish sustainable management policies.
Consideration of genetic patterns of bowheads must take into account the important connection between bowhead biology and the history of hunting in the Western Arctic. Bowhead whales are one of the longest-lived species of mammals (George et al., 1999) . For example, five of 84 landed bowheads aged using aspartic acid racemization were more than 100 years old, with the oldest estimated to be 178 years old (Rosa et al., 2004) . Because of the longevity and low reproductive rate of bowheads (Rugh et al., 1992; Koski et al., 1993) , the effects of commercial whaling could have left a persisting genetic imprint. However, previous tests have found no statistically significant evidence of genetic bottlenecks in WA bowheads (Rooney et al., 1999a (Rooney et al., , 2001 Hunter, 2005) .
Evidence of other deviations from genetic homogeneity among WA bowheads has been reported from earlier analyses of available genetic data from 207 whales Pastene et al., 2004; Jorde et al., 2007) . The findings of Jorde et al. (2007) indicated that bowheads traveling 5 -11 days apart while migrating past Barrow in the fall of each year were significantly less genetically similar than those traveling at other temporal separations. this pattern of genetic dissimilarity suggested that there could be two genetically differentiated populations migrating past Barrow in the fall, with slightly offset migration timing. traditional knowledge and hunter observations also noted variations in spring migratory patterns by bowheads around st. Lawrence island (noongwook et al., 2007 loci were not in Hardy-Weinberg equilibrium; that is, allele frequencies differed from what would be expected under a set of assumptions regarding an idealized population, one of these being that the samples represent a single, well-mixed population. The analyses also showed significant differences between animals harvested at st. Lawrence island (sLi) and at Barrow (n = 11 and 177, respectively; 11 markers; p = 0.004), even though sLi animals are thought to be among those that migrate past Barrow (Moore and Reeves, 1993; Rugh et al., 2003) . Pastene et al. (2004) found significant differences in mtDnA haplotype frequency between bowheads harvested at Barrow in spring and fall. The finding of genetic differences associated with migratory patterns around SLI and the significant temporal genetic patterns at Barrow contributed to the development of hypotheses that the WA population might consist of multiple, genetically differentiated subpopulations. the observed migratory variation and preliminary genetic results described above motivated the hypotheses that we investigate here, using a more comprehensive data set. Population structure studies by Jorde et al. (2007) , Pastene et al. (2004) , and Givens et al. (2004) were based on genetic data produced by members of the united states scientific Delegation to the IWC (Hunter, 2005) and consisted of 10 microsatellite loci developed by Rooney et al. (1999a, b), valsecchi and Amos (1996) , and Palsbøll et al. (1997) . We considered these data to be preliminary, given the small sample sizes of whales harvested at villages other than Barrow and the evidence of scoring difficulties with some of the loci . the data presented in this paper include 22 new loci (Huebinger et al., 2008) with better scoring properties, as well as a larger number of whales.
Resolution of population structure questions (to the extent possible) using these data was critical for the iWC's 2007 estimation of safe hunting quotas because risk-averse resource management would have been difficult to provide if the number and identity of populations hunted was uncertain. One key purpose of our work has been to test the hypothesis that the genetic patterns observed in analyses of the earlier data resulted from the presence of multiple genetically differentiated subpopulations within the WA population. Here we present an analysis of 22 microsatellite loci from 414 bowheads, including samples from the WA population and two other populations (in the Okhotsk sea and eastern Canada) that were included in the analysis as outgroup populations-which proved to be critical to this analysis. Cross-population comparisons provided an important perspective from which to interpret our findings.
MAtERiALs AnD MEtHODs
tissue samples were collected from 414 individual whales representing three previously described populations of bowheads (table 1). the majority of samples were obtained from harvested animals, and the rest were obtained via non-lethal skin biopsy. A detailed list of number of samples per sampling location and season is provided in table 1. the data set includes roughly equal numbers of males and females and a wide distribution of ages. About 75% of the Western Arctic samples were collected at Barrow. We analyzed 24 bowhead-specific microsatellite loci (Huebinger et al., 2008) . Genomic DnA was isolated from tissue samples, and PCR amplification was performed in a 25 μl reaction volume using an ABI2700 thermocycler (Perkin-Elmer; Foster City, CA) with approximately 50 ng of genomic DNA as template. Final amplification conditions consisted of 12.5 pmol unlabeled reverse primer, 12.5 pmol fluorescently labeled forward primer, 1.5 mM MgCl 2 , 200 μM each dntP, and 0.5 units of Taq DNA polymerase (Promega; Madison, WI). The PCR amplification profile was 95˚C for 5 min, followed by 35 cycles of 95˚C for 30 sec, a primerspecific annealing temperature for 30 sec (Huebinger et al., 2008) , 72˚C for 30 sec, ending with a single extension of 72˚C for 10 min. Allele sizes were determined by fragment separation on an ABi3100 DnA Analyzer (Applied Biosystems, Inc; Foster City, CA). Fragment lengths were assigned by the GeneMapper software program (Applied Biosystems, inc.) using the Genescan-400 [ROX] size standard. samples that produced poor quality chromatograms or failed to amplify were reanalyzed. Additionally, a portion of the data set was reanalyzed to calculate a per-allele error rate for the data set. the per-allele error rate was estimated to be between 1% and 2.4%, which is low and similar to some published observed error rates (Morin et al., 2009) . two loci (Bmy38, Bmy44) were excluded from our analyses because of extreme and statistically significant excesses of homozygosity. these two loci, analyzed using the methods of van Oosterhout et al. (2004) and Chakraborty et al. (1992) , showed estimates of null allele frequencies that were four and six times as large, respectively, as those observed for the other 22 loci.
the conceptual approach for our statistical analysis of population structure is best described as a weight-of- evidence approach that accumulates evidence from a variety of analyses. no one of our analysis methods is intended to represent the crux upon which all other results hinge. in the discussion, we examine how the balanced results from our various analyses generally converge toward an overall conclusion. version 3.4 of the program GEnEPOP was used to test for departures from HardyWeinberg equilibrium, including heterozygote deficiency; to test for evidence of linkage disequilibrium; and to compare allele frequencies and genotypic differentiation among various seasonal and spatial groups. Corresponding F-statistics (the fixation index F st and the inbreeding coefficient F is ) and their associated confidence intervals were calculated using FSTAT (Goudet, 2005) . Confidence intervals for F-statistics were obtained by bootstrapping over loci. the program STRUCTURE (Pritchard et al., 2000; Falush et al., 2003) was also used to identify potential clustering in the data. the admixture model with correlated allele frequencies was chosen for analysis, and 1 000 000 iterations were used for parameter estimation (after discarding 50 000 initial burn-in iterations).
tests for subtle temporal structuring within the migration of WA bowheads (as suggested by Jorde et al., 2007) were conducted using the method of Givens and Ozaksoy (2007) . their approach computes a measure of pairwise genetic distances between sampled whales and estimates the degree to which such distances are correlated with pairwise covariates, such as those related to the temporal distribution or the ages of whales. to understand the method, consider the outcome of whether or not two alleles sampled entirely at random from the entire data set match (i.e., are identical in state). in an idealized panmictic population, such pairwise allele match outcomes should be independent of whether the alleles originate from the same individual or from different individuals. Likewise, match outcomes should be independent of any other potential covariates. However when sampling occurs from more than one genetically distinct population, allele-matching frequencies are greater for within-whale pairwise allele comparisons than for betweenwhale comparisons because of the Wahlund effect (Hartl and Clark, 2007) . the barriers to panmixia that maintain genetic population differentiation induce within-population genetic correlation. With respect to covariate effects, the argument is similar. suppose that genetic frequencies covary with some other variable. For the sake of argument, consider binning the pairwise outcomes into groups on the basis of pairwise covariate values. then, by the same reasoning as for the Wahlund effect, a within-group genetic correlation is induced. the Givens and Ozaksoy (2007) method treats covariates continuously rather than binned. it estimates both types of effects using a model that relates pairwise allele matching probabilities to the within/between whale factor and to pairwise covariate values. to the extent that genetic correlations of the above sorts are present in the data, the model can estimate them and provide a Monte Carlo (permutation) basis for hypothesis testing. the program Bottleneck version 1.2.02 (Cornuet and Luikart, 1996) was used to test for evidence of a genetic bottleneck.
We used a threshold of 5% (p ≤ 0.05) for assessing the significance of effects, hypothesis tests, and confidence intervals. some of our analyses raised the statistical issue of multiple comparisons, i.e., the dilution of statistical significance due to observing some p-values in a large collection to be less than 0.05 by chance alone. Where appropriate, we used the method of Fisher (1935) to control multiple comparisons. in other cases where the concern might arise, the problem is actually moot since the individual findings were non-significant. In a few cases the p-values were so extreme as to preclude concern.
REsuLts
Our results revealed strong departures from HardyWeinberg equilibrium among the Barrow samples (table 2) . Six of the 22 loci exhibited heterozygote deficiency at the nominal 0.05 significance level, for an overall p-value of 0.0002 using Fisher's method (Fisher, 1935) . Levels of disequilibrium for individuals harvested at Barrow were statistically significant in the fall samples (p < 0.0001), but not in the spring samples (p = 0.20). No significant heterozygote deficiencies were observed for other spatial strata. Tests for linkage disequilibrium detected 26 of 231 significant comparisons at the nominal 0.05 level. nineteen of the 22 loci analyzed exhibited between one and six significant linkage associations (table 3) . Analysis using the program Bottleneck gave a non-significant result for the Wilcoxon signrank test using 95% single-step mutations, and a variance of 12 as recommended by Piry et al. (1999) . Analysis using the Within the WA population, no significant levels of genotypic differentiation or allele frequency differences were detected between any of the sampling locations of Barrow, Little Diomede, Point Hope, Wainwright, st. Lawrence island, kaktovik, and nuiqsut. in particular, samples from st. Lawrence island (Gambell and savoonga pooled) and Barrow were not significantly different (p = 0.40). the st. Lawrence island (sLi) villages of Gambell and savoonga were not significantly different (p = 0.34). this provides additional support for pooling the sampling locations into one geographic sampling location. The absence of significant findings for various SLI comparisons is contrary to a previous preliminary result based on a smaller data set . Our estimate of F st (fixation index) for the comparison of Barrow and sLi, including the 95% confidence interval, is shown in Table 4 .
On a regional scale, genotypic comparisons between the WA and other populations were significant (p < 0.00001). Tests for allelic differentiation identified significant differences in allele frequencies for 21 of 22 loci between the Western Arctic and Okhotsk populations and 9 of 21 loci between the WA and the eastern Canadian Arctic populations. These differences resulted in overall significantly different allele frequencies between the WA and Okhotsk populations (p < 1 × 10 -10 ) and between the WA and eastern Canadian Arctic populations (p < 1 × 10 -10 ). table 4 reports F st estimates for these comparisons.
As another method to examine potential spatial differences within the Western Arctic, the program stRuCtuRE was used to analyze the data for differing hypothesized numbers of populations (k = 1, …, 5). the whales were organized into 15 spatial/seasonal groups for the stRuCtuRE output plots. in Figure 2 , whales within each group were ordered sequentially from left to right according to the Julian date when the whale was taken. Plots for varying numbers of k are shown (Fig. 2) .
in tests for temporal structuring within the Western Arctic, comparisons of allele frequencies between the spring and fall harvest were not significant. Tests for temporal structuring within the fall migration using the method of Givens and Ozaksoy (2007) also did not reveal significant patterns. A plot of the estimated pairwise allele match probabilities arranged by pairwise days apart in the fall migration is shown in Figure 3 , with 95% joint coverage null probability bands shown with the dotted lines. As Givens and Ozaksoy (2007) explain, the presence of temporal differentiation in the fall migration should be signaled by a time period in which the solid curve representing differentwhale allele match probabilities estimated by the model lies outside the null probability bands. since our estimated match probability function does not fall outside the 95% null probability bands for temporal lag separations greater than zero, the p-value for rejection of the null hypothesis exceeds 0.05, providing no significant evidence for temporal substructure.
DisCussiOn
Commercial whaling significantly reduced population sizes in all bowhead populations. the WA population, estimated to have numbered about 9900 to 14 000 individuals prior to commercial harvest (Brandon and Wade, 2006; Punt, 2006) , was reduced to perhaps 1000 or fewer individuals by the time commercial whaling ceased in 1914. George et al. (2004b) estimate that the population had recovered to approximately 10 470 in 2001 (with a 95% confidence interval of 8100 to 13 500), and it continues to grow annually at the substantial rate of 3.4% (1.7% to 5.0%). Although the WA population experienced a severe demographic bottleneck, the present analysis is consistent with previous analyses (Rooney et al., 1999a; Hunter, 2005) that were unable to detect the presence of a genetic bottleneck. this is likely because of the short duration of the demographic bottleneck relative to the generation time of the species. some individuals that were alive during and prior to the demographic bottleneck have survived and are still found in the population. since there is little evidence of reproductive senescence in bowheads (George et al., 2004a) , it is likely that these very old whales are still contributing to the reproduction of the population. Archer et al. (in press) show that simulations of WA bowhead population dynamics and biology also fail to yield data sets in which significant genetic bottleneck effects can be detected. notwithstanding the apparent absence of a genetic bottleneck, genetic disequilibria have been reported in each of the microsatellite analyses of the WA population, including this study. the genetic disequilibria we found within the WA population could be caused by the mixing of multiple subpopulations after the cessation of commercial whaling; however, it is more likely due to sampling variability, measurement error or age effects such as sampling individuals that were born before the end of commercial whaling and whales born during the population recovery. taylor et al. (2007) describe several single-population scenarios for which age-correlated genetic differences could result in observed patterns of spatio-temporal genetic variation that might be wrongly interpreted as evidence for multiple populations. The disequilibrium identified within the WA population is not likely the result of a Wahlund effect because if it were, the loci that were out of Hardy-Weinberg equilibrium should exhibit significant heterozygote deficiencies. This was the case only for Bmy57; the other three loci with significant disequilibria (Bmy33, Bmy49, and Bmy55) did not show significant heterozygote deficiencies (Table 2) .
Another explanation for the rejection of Hardy-Weinberg equilibrium (HWE) in our analysis is that apparent disequilibrium within the WA population could be due to a few unusual observations. For many villages, the number of whales sampled was quite small. Although the number of markers was large, it is difficult to draw firm scientific conclusions about differences in allele frequency between villages where few whales were sampled. to investigate the potential effects of small numbers of whales, Morin et al. (2007 Morin et al. ( , 2009 ) assessed the sensitivity of Hardy-Weinberg equilibrium to errors in the data set. they used the jackknife approach (e.g., Efron and tibshirani, 1993) to assess the contributions of each whale to Hardy-Weinberg disequilibrium. Each whale was individually removed from the data set, and the p-value for rejection of HWE was recomputed in each case. Each whale's contribution to the overall rejection of HWE in the original data set was measured by the change in p-value from the original result to the result with that whale deleted. Changes in p-values were quantified by the odds ratio. This jackknife analysis identified 35 cases in which removal of a single sample changed a locus from being out of HWE (p < 0.05) to being in HWE (p > 0.05). in six jackknife instances, removal of a single individual (whale 83B1, 96B11, 99B3, 02B6, 02B16, or 05B7) had a disproportionate effect on the rejection of HWE FIG. 2. STRUCTURE clustering results for K = 2, 3, and 4, from top to bottom. Group labels are: 1 = spring Barrow; 2 = fall Barrow; 3 = spring Savoonga; 4 = fall Savoonga; 5 = spring Gambell; 6 = fall Gambell; 7 = spring Chukotka; 8 = fall Chukotka; 9 = (spring) Diomede; 10 = (spring) Point Hope; 11 = spring Wainwright; 12 = (fall) Kaktovik; 13 = (fall) Nuiqsut; 14 = Igoolik, Canada; 15 = Okhotsk. Within each of these 15 groups, whales are ordered sequentially by calendar day from left to right.
(log-odds ratio between jackknife and observed p-values > 2.0). Each of these samples was homozygous for a rare allele (an allele with frequency of less than 6%) at the locus under consideration. Additionally, the degree of the difference in the HWE p-value between the original and jackknife replicates was directly related to the frequency of this rare allele. these results suggest that observed deviations from HWE are attributable to homozygous rare genotypes at a small number of loci in a very small number of individuals. in nature, such genotypes would most likely result from inbreeding, but the presence of such genotypes in our data set is more likely due to the indistinguishable occurrence of a rare allele/null allele genotype or to laboratory error, such as incorrect scoring. to the extent that these rare alleles in a few influential individuals potentially bias tests for HWE, they may also affect other analyses we describe here.
the level of linkage disequilibrium detected in the data (26 of 231 comparisons were significant, and 19 of 22 loci showed 1 -6 significant linkage associations) was higher than expected and is too high to be explained by physical linkage. Factors that have previously been shown to produce linkage disequilibrium include non-random mating, familial relationships in the sampled individuals, factors related to the recent demographic history of the population (e.g., bottleneck), and sampling from multiple populations (Slatkin, 2008; Tenaillon et al., 2008; Wang et al., 2008) . Of these, multiple populations and a bottleneck are possible, but not supported by other results here; non-random mating is plausible, assuming a sperm competition model, as we observed a few large males with very large testes (O'Hara et al., 2002) ; familial relationships among the samples are strongly suspected (skaug and Givens, 2007) .
Whalers from sLi have observed two paths taken by bowhead whales during the spring migration (noongwook et al., 2007) . in the spring, hunters from the village of savoonga hunt from the southwest side of the island, near southwest Cape. they report that the whales they hunt approach from the southeast. However, they recognize another group of whales that passes southwest Cape far offshore and becomes available to hunters from the village of Gambell at the northwest tip of the island. the Gambell hunters confirm these observations, saying that the bowheads they hunt approach Gambell from the southwest, and then head northeast after passing Gambell. Migratory traffic on these two paths is said to be negatively correlated: if the whales are seen in large numbers at southwest Cape they are unlikely to be available at Gambell at the same time. the hunters do not know whether these two migratory paths represent routes of two distinct groups of whales, or whether they represent alternative routes chosen at various times by various portions of the same population. Considering that both putative groups commingle in the passage between sLi and Chukotka during the early spring migration, some degree of interbreeding seems plausible for two reasons. First, aerial surveys have reported a considerable amount of mating behavior in this region. second, several researchers (Nerini et al., 1984; Reese et al., 2001; George et al., 2004a) have estimated from the size of fetuses collected from harvested whales that mating occurs during this period. No significant genetic difference was detected between animals harvested by the two sLi villages. Additionally, the lack of significant genetic differences between harvest locations throughout the Western Arctic suggests the presence of a single genetic population migrating through this region. In concordance with the non-significant allele frequency differences between Barrow and sLi, we found that the F st value between Barrow and sLi was small, with a 95% confidence interval encompassing zero. By comparison, F st values estimated between separate regional populations are 3-20 times as large as this estimated F st (table 4) .
the results from stRuCtuRE analyses require careful consideration. For example, table 5 shows estimates of P[Data|k] that increase with k (the number of hypothetical populations assumed). this support for larger k cannot simply be ignored because it potentially conflicts with the aforementioned general lack of evidence for allelic differentiation and significant F st values. However, inference is complicated by the limitations of stRuCtuRE (e.g., Evanno et al., 2005; Waples and Gaggiotti, 2006; Kaeuffer et al., 2007) . notably, the developers of stRuCtuRE indicate that their method for statistical inference for the number of populations (k) can only be viewed as a rough approximation (Pritchard et al., 2000) . One consequence is that the model used in the analysis tends to overestimate the likely value of k. if one overlooks this criticism, it is possible to examine estimates of P [Data|k] and therefore the posterior probabilities for k under a discrete uniform prior. Although the P[Data|k] estimates increase with k, the method of Evanno et al. (2005) and the evidence of diminishing returns in table 5 both support a single WA population. Moreover, Figure 2 also shows that the selection of k = 2, which differentiates the Okhotsk population from the combined WA and eastern Canadian Arctic populations, provides a greatly improved fit over K = 1, but there is little to be gained for k > 2.
in a further exploratory analysis, we used stRuCtuRE to identify a putative scenario of two clusters within the Western Arctic. the k = 3 result provides such a scenario (Fig. 2, middle panel) . We used this result to explore how WA bowheads might be assigned to groups if multiple clusters were forced. the resulting pattern of estimated ancestries among whales sampled from the fall migration at Barrow could be interpreted as exhibiting a weak degree of temporal pulsing of whales of differing ancestry. these pulses can be seen by noting the wave-like appearance in the middle panel of Figure 2 in which whales assigned to the lightest-toned ancestry alternated with groups assigned to mid-toned ancestry. such oscillation, if it were real, would be consistent with the findings of Jorde et al. (2007) . However, a comparison of WA fall individuals that are assigned to these two clusters according to their predominant estimated ancestry (table 4) shows no detectable evidence for genetic differentiation between the two forced groups; see table 4, where F st = 0.000 with 95% confidence interval from -0.001 to 0.001. this result suggests that the potential population subdivision within the Western Arctic represented by stRuCtuRE is either smaller than would be indicative of separate breeding subpopulations or spurious. Application of the method of Givens and Ozaksoy (2007) identified no significant temporal correlation or pulsing pattern with the 22 loci used here (Fig. 3a) . A sensitivity analysis was conducted by incorporating 11 more microsatellite loci, including the 10 used by Jorde et al. (2007) and one they set aside to test for the existence of a significant temporal structure with all 33 loci. in the test of all 33 loci, a significant effect was identified (Fig. 3b) . The two-week interval detected in this analysis (10 -16 days) was longer than that in the results of , but still somewhat consistent with their hypothesis of pulsing. the different findings from the two data sets suggest that the signal is essentially confined to the 10 loci used by Jorde et al. (2007) , which is one important reason why our findings are not a refutation or contradiction of the Jorde et al. (2007) result.
note that in Figure 3 (b), the average match probability for alleles within the same whale (flat line) is higher than the probability for alleles from two different whales (curved line) during the 5 -16 day range discussed above. This finding implies that even after controlling for the effect of any temporal correlation pattern that could be identified by examining capture time differences, there is still evidence of non-specific excess homozygosity in the data. This evidence suggests that the findings of Jorde et al. (2007) are probably not the sole source, and perhaps not the primary source, of the Hardy-Weinberg disequilibrium reported for the WA population.
it is worth considering whether the differing results from the temporal analyses using 22 and 33 loci could be related to the reliability of scoring. some sorts of data quality issues can be investigated empirically or controlled, as we describe below. Jorde et al. (2007) also describe their procedure of re-typing and other quality checks. some data quality concerns are as follows. the earlier 10 loci were chosen opportunistically from the available literature, using markers derived from sperm whales (valsecchi and Amos, 1996) , humpback whales (Palsbøll et al., 1997) , and bottlenose dolphins (Rooney et al., 1999b) , as well as bowheads (Rooney et al., 1999b) . some of these loci have exhibited strong evidence of null alleles in bowheads. Furthermore, the median scoring failure rate for the 10 original loci (10.7%) was triple the rate for the 22 loci described here. in the present study, all 22 loci were pure CA repeats and the primers were designed specifically for bowheads and selected on the basis of their ability to amplify consistently with relative strength. Heterozygosity and genetic diversity are much higher in our 22 loci than in the 10 preliminary loci. in our view, these are reasons to view the data set used in this study as qualitatively superior to the previous data set, without implying that the previous data set was inadequate.
Above we described a jackknife procedure that identified within our data set six whales collected at Barrow that had large influences on the non-specific Hardy-Weinberg disequilibrium we have found. Additionally, skaug and Givens (2007) tentatively identified individuals that were potential close relatives. in a sensitivity analysis, we eliminated from the data set the three whales that contributed most disproportionately to the disequilibrium and one individual from each of the likely related pairs. the purpose of this sensitivity analysis was to test the robustness of our finding of Hardy-Weinberg disequilibrium. After the removal of these individuals, the generic Hardy-Weinberg disequilibrium persisted. When this data set was analyzed using stRuCtuRE, the previous weak pattern of pulsing within the WA bowheads was eliminated, showing all WA individuals to be of nearly equally mixed ancestry (Fig. 4) . the results of this sensitivity analysis are consistent with the hypothesis that the main sources of genetic variation in the data can be attributed to scoring errors (allelic dropout or mis-amplification) and familial relationships. Moreover, concerns over data quality, excessively influential individuals, and the lack of any reliable supportive evidence from the 22 new loci also lead us to question the presence of any temporal population subdivision.
Expanding our viewpoint beyond the Western Arctic, we found conclusive evidence of genetic differentiation between the Okhotsk sea, Western Arctic, and eastern Canadian populations. Although expected, this result is nevertheless interesting for several reasons. First, our findings show that the Okhotsk and WA populations are genetically distinct. this distinction may have arisen because whaling activity separated the two groups or left a very small remnant population of bowheads in the Okhotsk sea. note also that the historical populations may have co-mingled during the last ice age (> 10 000 yrs BP) while the Bering land bridge existed. yet study of krill locations (Bockstoce et al., 2005) and other detailed consideration (Moore and Reeves, 1993) find no evidence that bowheads in the Okhotsk move eastward into the Bering sea. the breeding grounds of WA bowheads are unknown, but they are likely in the spring polynyas and lead systems in the Gulf of Anadyr and within the sea ice boundaries of the Bering sea. the sea ice boundary and bowhead sightings rarely extend farther south than 58˚ N (Moore and Reeves, 1993) . Thus, WA bowheads appear not to breed in areas sufficiently south to enable mixing between the WA and Okhotsk populations.
On the other end of the WA bowhead range, the continued recession of the polar ice raises the possibility of interchange between the WA and eastern Canadian populations. Rugh et al. (2003) summarized several direct records of exchange between these two populations. Bockstoce and Burns (1993) described two incidents in which commercial whaling irons used in the western North Atlantic fishery were later found in whales taken in the Chukchi sea. tomilin (1957) reviewed at least four reports (some as far back as 1643) of European-made harpoons found in bowheads in the Bering or Chukchi seas. Furthermore, a WA bowhead that was satellite-tagged in 2006 was tracked to the north central shore of Banks island. the distance from Banks island to the east end of Lancaster sound, where eastern Canadian bowheads are known to travel in summer (Heide-Jørgensen et al., 2006) , is only 400 km or several days' travel. But even if there is any recent geographic co-mingling of individuals from these two populations, our results confirm that the degree of genetic mixing has been extremely small.
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